ABSTRACr A general procedure for stabilization of 02-labile enzymes exploiting "salting out" of oxygen from the microenvironment in the molecular layers immediately adjacent to charged surfaces of polyionic solid adsorbents has been develope. Empirical verification of this rationale is provided. The half-life of air inactivation of the Og-labile hydrogenase (EC 1.12.7.1) from Clostridium pasteurianum is increased 20-to 2-fold simply by adsorption (noncovalent binding) in dilute Tris-HCI buffer on common anion exchange supports such as DEAE-cellulose or Dowex 1-X2. Predicted increases in degree of stabilization by using more densely charged adsorbents (such as polyethyleneimine-cellulose), as well as bulkier solvent counter-anions, are found; half-lives for air inactivation for the bound hydrogenase can be increased to 3000-fold longer than that of the free enzyme. Most of the total catalytic activity, assayed as H2 evolution from dithionite mediated by methyl viologen or ferredoxin, is retained, whereas the expected suppression of H2 uptake in the reverse reaction is observed. Stabilization of the oxygen-labile hydrogenase (1) proposed for use in various schemes for bioconversion of solar energy (2) is critical for practical applications (3-5). Efforts to achieve stabilization to date (6-10) have been empirical, involving mainly immobilization of the enzyme (6, 9, 10), but success has been limited. It is known (1, 11) that the rate of 02 inactivation in solutions of the enzyme is directly proportional to 02 concentration. We have conceived a rationale based on exploitation of the well-known "salting out" phenomenon whereby the concentration of dissolved gases in aqueous solution is reduced as the salt concentration is increased (12). This effect is thought to be caused by competition between salt and gas for solvent, the salt component progressively removing water by hydration, thereby decreasing solvent volume available to the gas. Thus, a decrease of an order of magnitude in gas solubility occurs as solvent is saturated by salt (13, 14) . We are able to show that relatively simple procedures based on this fact can be developed to achieve increases in hydrogenase stability in air sufficient to meet the requirements for practical applications in solar energy bioconversion.
ABSTRACr A general procedure for stabilization of 02-labile enzymes exploiting "salting out" of oxygen from the microenvironment in the molecular layers immediately adjacent to charged surfaces of polyionic solid adsorbents has been develope. Empirical verification of this rationale is provided. The half-life of air inactivation of the Og-labile hydrogenase (EC 1.12.7.1) from Clostridium pasteurianum is increased 20-to 2-fold simply by adsorption (noncovalent binding) in dilute Tris-HCI buffer on common anion exchange supports such as DEAE-cellulose or Dowex 1-X2. Predicted increases in degree of stabilization by using more densely charged adsorbents (such as polyethyleneimine-cellulose), as well as bulkier solvent counter-anions, are found; half-lives for air inactivation for the bound hydrogenase can be increased to 3000-fold longer than that of the free enzyme. Most of the total catalytic activity, assayed as H2 evolution from dithionite mediated by methyl viologen or ferredoxin, is retained, whereas the expected suppression of H2 uptake in the reverse reaction is observed. Stabilization of the oxygen-labile hydrogenase (1) proposed for use in various schemes for bioconversion of solar energy (2) is critical for practical applications (3) (4) (5) . Efforts to achieve stabilization to date (6-10) have been empirical, involving mainly immobilization of the enzyme (6, 9, 10), but success has been limited. It is known (1, 11) that the rate of 02 inactivation in solutions of the enzyme is directly proportional to 02 concentration. We have conceived a rationale based on exploitation of the well-known "salting out" phenomenon whereby the concentration of dissolved gases in aqueous solution is reduced as the salt concentration is increased (12) . This effect is thought to be caused by competition between salt and gas for solvent, the salt component progressively removing water by hydration, thereby decreasing solvent volume available to the gas. Thus, a decrease of an order of magnitude in gas solubility occurs as solvent is saturated by salt (13, 14) . We are able to show that relatively simple procedures based on this fact can be developed to achieve increases in hydrogenase stability in air sufficient to meet the requirements for practical applications in solar energy bioconversion.
Our rationale is that if hydrogenase, or any Orlabile enzyme, is attached to a polyionic surface (it must be polycationic for an acidic enzyme such as hydrogenase to be adsorbed), the enzyme molecules will be buried in a microenvironment equivalent to that provided by an extremely concentrated salt solution. There will be little solvent available for gas solution, so that access to the adsorbed enzyme will be minimal. In all probability, the salting out of gas may be much greater than is possible with saturated salt solutions because of solubility limitations. Hence the 02 concentration in such a microenvironment, extending several molecular layers from the charged adsorbent surface, will be very small so that a relatively large increase in 02 stability will result, even though the ambient solution is saturated with air. Theoretically (12, 15) one may provide conditions to maximize this effect by increasing the volume and magnitude of charged ionic groups in the adsorbent surface, as well as the bulk solvent counter-anions. By use of sufficiently dilute buffers, enzyme immobilization on the adsorbent can be achieved. Further, if desorption occurs by elution with concentrated buffer one may expect stabilization to decrease.
All of these expectations have been realized in experiments we have conducted using a clostridial hydrogenase. The very promising preliminary results are reported herewith.
MATERIALS AND METHODS
Commercially available compounds and ion-exchange resins were obtained as follows: from Sigma Chemical Co., poly(Llysine) hydrobromide (molecular weight 60,000), CNBr-activated Sepharose, Dowex Poly(L-lysine) was attached to CNBr-activated Sepharose as recommended by Porath (16) , viz: 3 g of resin, washed with 0.25 M NaHCO3 (pH 9) were suspended in 20 ml of the same wash solution to which was added 80 mg of poly(L-lysine) hydrobromide. The resultant slightly reddish mixture reacted for 18 hr and was then filtered and the solid was washed thoroughly with 0.05 M Tris.HC1 (pH 8).
Ferredoxin from Clostridium pasteurianum was purified as described by Mortenson (17) . Partial purification of hydrogenase (hydrogen:ferredoxin oxidoreductase, EC 1.12.7.1) from the same microorganism followed the method of Nakos and
Mortenson (18) with the omission of protamine sulfate precipitation and Sephadex column chromatography, these steps being replaced by hydroxylapatite column treatment (19) . The specific activity of the final preparation was essentially that of the enzyme preparations described by Lappi et al. (6) .
For routine assay, we used the enzyme-catalyzed H2 evolution, mediated by methyl viologen, which in turn was reduced by sodium dithionite. The rate of gas evolution was determined with a Clark electrode (20) Fig. 1 In Table 1 we show that an increase in ionic strength of the ambient solution increases the rate of air inactivation of the adsorbed enzyme in the range 0.002-0.05 M Tris-HCI, as expected (23, 24) . By our rationale, the electric field of the polycationic microenvironment is progressively neutralized as the concentration of counter-ions increases, diminishing the depth of the protective layers and increasingly exposing bound enzyme to the bulk solution with its relatively large dissolved oxygen content.
Obviously, it was important to ascertain the tightness of binding under conditions of good stabilization (low ionic strength). Exhaustive washing of the enzyme adsorbed on DEAE-cellulose with deoxygenated either 3 mM or 50 mM Tris-HCl (pH 8) resulted in no appreciable desorption, which could be observed as significant only at concentrations of buffer
The nature of the support material was an important factor in effectiveness of stabilization. We compared a number of polycationic resins (Table 2 ) and found many that were less effective than DEAE-cellulose or wholly ineffective under the conditions used, only Dowex 1-X2 being comparable to DEAE-cellulose. This is not surprising because one may expect details of charge density and distribution to be decisive in sta- bilization. In all cases, however, initial activity of adsorbed enzyme was retained in large degree. As we have mentioned above, previous efforts to achieve stabilization and very firm binding by covalent attachment of hydrogenase in various ways (refs. 6, 9, 10, also our unpublished data) have resulted in little retention of enzymatic activity (<5%). Apparently, the milder conditions employed by us in effecting simple adsorption are less deleterious for enzyme activity while still being adequate for stable binding.
Another consequence of the rationale used is that encapsulation in an appropriate soluble polycationic system rather than immobilization should also be effective. Indeed, this is actually the case. We found, using poly(L-lysine) (5 mg) added to 5 ml of solution containing enzyme (0.1 mg of protein/ml) and 3 mM Tris-HCl (pH 8) that a 5-fold increase in half-life for air inactivation results. Substitution of the anionic polyvinyl alcohol sulfate was ineffective, as expected because of its poor interaction with the similarly negatively charged hydrogenase.
On increasing positive charge density in the microenvironment by using polyethyleneimine-cellulose and increasing volume of counter-anion by substituting phosphate for chloride in the buffer, we observe, as predicted, great increases in stabilization on immobilization compared with rates of air inactivation noted previously using DEAE-cellulose and Tris-HCl buffer. Hydrogenase is adsorbed on polyethyleneimine-cellulose with 50% retention of total activity and increase of half-life for air inactivation from -4 min to -30 hours, an improvement of some 400-fold (Fig. 2) . Similar results are found by using poly(L-lysine)-Sepharose with 60% total activity retention. When, in addition, Tris'H3PO4 is substituted for Tris.HCl, the half-life lengthens almost 3000-fold (Fig. 3) , as expected from salting-out experiments (12, 25) .
Ferredoxin is as effective as methyl viologen in mediation of H2 evolution by dithionite oxidation with the same stabilized preparations of hydrogenase, a fact of significance for proposals to use the clostridial hydrogenase in solar energy bioconversion schemes (8, 21, (26) (27) (28) .
A convincing demonstration of the validity of our rationale is provided by the following simple test tube-level experiment. Bubble H2 through a suspension of a few grams of adsorbed hydrogenase, prepared by procedures we have described for polyethyleneimine-cellulose immobilization in S mM Tris-HCl buffer (pH 8 indicating reduction of the dye will appear. In the low ionic strength buffer, H2 (as well as 02) is excluded from contact with enzyme, while in the high ionic strength buffer it is not, because enzyme is desorbed and removed from the protective microenvironment in which gas is excluded by salting out. Thus, it is seen that while enzyme, immobilized in this simple manner, will catalyze H2 evolution because reductants (dithionite, or presumably also NADPH from photolysis of water, ferredoxin, or methyl viologen) are accessible, it fails to exhibit H2 uptake.
The procedures described remain to be tested for generality with other hydrogenases and 02-labile enzymes, but it seems plausible to anticipate that the general character of the salting out mechanism postulated as operative will be reflected in successful demonstrations of applicability. Many aspects of the rationale proposed remain to be clarified, such as the quantitative relation between stabilization and extremely low 02 concentrations and extension to encapsulation systems as well as variation in immobilization methods.
